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The  influence  of  low  partial  pressure  of  hydrogen  on  carbon  nanofibers  (CNFs)  properties  has  been  stud¬ 
ied  in  the  synthesis  by  methane  catalytic  decomposition,  with  the  purpose  of  using  them  in  polymer 
electrolyte  fuel  cells  as  electrocatalyst  support.  Using  CNFs  in  this  kind  of  application  presents  a  good 
perspective  to  improve  the  fuel  cell  overall  performance.  CNF  growth  in  the  catalytic  decomposition  of 
methane  and  the  characteristics  which  are  typically  required  in  a  carbonaceous  support,  are  influenced 
by  hydrogen  concentration,  which  has  been  studied  at  different  temperatures.  The  textural,  morphologi¬ 
cal  and  structural  characteristics  of  the  obtained  CNFs  have  been  determined  by  nitrogen  physisorption, 
X-ray  diffraction,  electron  microscopy  and  thermogravimetry.  Electrical  conductivity  of  CNFs  has  been 
measured  compressing  the  powder  and  using  a  two-probe  method.  It  was  observed  that  low  values  of  par¬ 
tial  pressure  of  hydrogen  in  methane  influence  positively  structural  ordering  of  CNFs,  and  in  turn  improve 
electrical  conductivity,  with  a  slight  influence  on  textural  properties  leading  to  highly  mesoporous  carbon. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cell  systems  are  attracting  more  and  more  attention  in 
recent  years  as  important  energy  converting  devices  in  a  medium- 
long  term  future.  Among  the  several  existing  types,  polymer 
electrolyte  fuel  cells  (PEMFC  and  DMFC)  have  favorable  advantages 
in  transport,  portable  and  micropower  applications  in  terms  of  high 
efficiency,  high  energy  density,  quick  start-up  and  zero  or  low  emis¬ 
sion. 

Although  great  progress  has  been  made  in  the  last  years,  the 
commercialization  of  this  technology  has  several  technical  and  eco¬ 
nomical  barriers  that  must  be  addressed  in  terms  of  cost,  durability 
and  performance.  The  reduction  of  the  required  platinum  load¬ 
ing  has  always  been  the  main  focus  of  PEMFC  electrode  research 
and  development,  both  for  reasons  of  cost  and  availability.  Cur¬ 
rent  electrodes  have  Pt  loadings  in  the  order  of  0.4  mg  cm-2.  The 
challenge  remains  in  decreasing  Pt  loading  up  to  0.15  mg  cm-2  or 
less,  while  maintaining  or  even  increasing  the  performance  and 
durability  [1,2]. 

Currently,  carbon  black  supports  (Vulcan  XC-72R,  Black  Pearls 
2000,  etc.)  are  widely  used  as  platinum  support,  but  recent  publica¬ 
tions  indicate  the  possibility  to  improve  the  efficiency,  reducing  the 
Pt  loading  of  the  electrocatalysts,  by  using  novel  carbon  supports, 
such  as  ordered  mesoporous  carbons  [3-5],  carbon  aero-  and  xero- 
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gels  [6-9],  carbon  nanofibers  (CNFs)  [10-13]  and  carbon  nanotubes 
(CNTs)  [13,14]. 

Carbon  nanofilaments  (CNFs  and  CNTs)  have  an  excellent  com¬ 
bination  of  chemical  and  physical  properties  due  to  their  unique 
structure,  and  blend  two  properties  that  rarely  coexist  in  a  mate¬ 
rial:  high  surface  area  and  high  electrical  conductivity  [13,15,16]. 
Other  advantage  is  that  the  catalytic  nanoparticles  on  the  external 
walls  are  easier  to  interact  with  the  gases  than  those  in  the  inter¬ 
nal  pores  of  a  carbon  black  [17].  In  both  materials  (CNFs  and  CNTs) 
graphite  sheets  form  filaments  with  an  external  diameter  between 
a  few  nanometers  and  about  one  hundred  nanometers,  but  they 
differ  in  the  manner  by  which  those  sheets  are  arranged.  In  a  CNT, 
a  cylinder  is  formed  by  a  single  sheet  of  graphite  (single  wall  or 
SWNT)  or  by  several  concentric  sheets  with  an  increasing  diame¬ 
ter  (multi- wall  or  MWNT).  However,  CNFs  are  formed  by  graphite 
sheets  forming  a  determined  angle  with  respect  to  the  growth  axis. 
The  main  difference  consists  in  the  lack  of  a  hollow  cavity  in  CNFs 
[18]. 

Unlike  in  CNTs,  the  surface  of  CNFs  is  mainly  present  as  graphite 
edges  which  are  thought  to  give  a  strong  interaction  between  the 
support  and  the  active  phase  [19].  Additionally,  the  low  cost  and 
high  yield  of  CNF  production  compared  with  CNT  production  would 
allow  industry  to  produce  high  quantities  of  CNFs  at  reasonable 
prices  [20]. 

The  production  of  carbon  nanofibers  can  be  performed  by 
decomposition  of  a  carbon-containing  gas  (CH4,  C2H4,  CO,  etc.)  over 
catalysts  traditionally  composed  by  metals  of  the  iron  subgroup 
(Fe,  Co  or  Ni  e.g.)  and  their  alloys,  at  temperatures  ranging  from 
400  °C  to  1000  °C  [15,21].  Several  studies  concern  the  relationship 
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between  carbon  nanofibers  properties  and  the  process  by  which 
they  have  been  produced  [  19,22-25  ],  suggesting  that  the  final  prop¬ 
erties  of  the  carbonaceous  material  depend  mainly  on  the  catalyst, 
carbon  source  and  process  conditions  such  as  temperature  or  gas 
composition. 

Hydrogen  has  several  roles  in  carbon  deposition,  either  accel¬ 
erating  or  suppressing  the  formation  of  carbon,  depending  mainly 
on  temperature  and  the  carbon  source  used.  Low  concentrations  of 
H2  inhibit  the  deactivation  of  the  catalyst  by  preventing  the  forma¬ 
tion  of  encapsulating  coke  and  helping  the  formation  of  filamentous 
carbon.  However,  increasing  concentrations  of  H2  lead  to  both  a 
competition  between  H2  and  CH4  for  the  catalytic  active  sites  and 
the  partial  gasification  of  deposited  carbon,  which  results  in  a  lower 
yield  of  deposition  [26,27]. 

In  this  work  the  aim  is  to  study  the  effect  of  hydrogen  concen¬ 
tration  at  different  temperatures  in  the  decomposition  of  methane 
on  a  nickel-based  unsupported  catalyst.  The  interaction  of  H2  with 
CH4  or  with  the  active  sites  has  an  effect  both  on  the  yield  of  car¬ 
bon  deposition  and  the  nature  of  the  deposited  carbon.  Low  reaction 
rates  are  expected  to  lead  to  a  more  ordered  deposited  carbon  with 
larger  crystal  domain  sizes  [28],  and  consequently  hydrogen  can 
help  to  improve  CNF  structure  and  properties  derived,  like  electri¬ 
cal  conductivity.  Morphology  can  also  be  influenced  by  the  presence 
of  hydrogen  [24],  and  consequently  porosity  could  be  also  affected 
[19].  All  these  mentioned  characteristics  presumably  influence  the 
fuel  cell  overall  performance  and  have  been  studied  in  this  work. 

2.  Experimental 

2.1  Carbon  nanofiber  growth 

Catalyst  composed  by  NiCuAl203  (Ni:Cu:Al  molar  ratio  of 
78:6:16)  was  prepared  by  coprecipitation  of  metal  nitrates,  calci¬ 
nation  at  450  °C  for  8h  and  reduction  of  300  mg  of  the  catalyst 
precursor  (a  mixture  of  the  metal  oxides)  under  a  hydrogen  flow 
of  20  mL(STP)  min-1  at  550  °C  for  3  h,  as  described  elsewhere  [29]. 

CNF  growth  was  then  performed  in  a  fixed-bed  vertical  quartz 
reactor  with  16  mm  of  inner  diameter  and  650  mm  long.  Typically, 
300  mg  of  the  catalyst  are  placed  into  the  reactor  and  heated  by  an 
electric  furnace  under  nitrogen  flow  up  to  the  desired  temperature. 
Then,  the  reactant  feed,  with  a  space  velocity  of  10  L(STP)  gcat_1  h_1 , 
and  a  total  pressure  of  1  atm,  flows  through  the  catalyst  sample 
for  620  min,  and  the  outlet  flow  is  hourly  analyzed  by  gas  chro¬ 
matography  using  a  Varian  CP4900  chromatograph.  At  the  end  the 
reactor  is  slowly  cooled  under  nitrogen  flow  to  room  temperature. 
The  methane  conversion,  carbon  yield  and  deposition  rate  are  deter¬ 
mined  by  the  difference  in  the  reagent  concentrations  at  the  reactor 
inlet  and  outlet  and  a  simple  mass  balance. 

Three  values  of  temperature,  600  °C,  650  °C  and  700  °C,  and  three 
gas  compositions,  varying  CH4/H2  molar  flow  ratio  10/0,  9/1  and 
8/2,  have  been  studied  in  this  work.  The  samples  have  been  labeled 
like  this:  X-HY,  where  X  indicates  the  reaction  temperature  in  °C, 
and  Y  indicates  the  hydrogen  volume  fraction,  expressed  in  vol¬ 
ume  percentage,  corresponding  to  the  three  tested  hydrogen  partial 
pressures:  0  atm,  0.10  atm  and  0.20  atm. 

2.2.  Carbon  nanofiber  textural,  structural  and  morphological 
characterization 

The  nature  and  characteristics  of  carbon  nanofibers  obtained 
in  the  experiments  previously  described  were  characterized  using 
nitrogen  physisorption,  X-ray  diffraction  (XRD),  scanning  electron 
microscopy  (SEM)  and  temperature  programmed  oxidation  (TPO). 

Textural  properties  such  as  specific  surface  area,  pore  vol¬ 
ume  and  mesoporosity  were  calculated  from  nitrogen  adsorption- 
desorption  isotherms,  measured  at  -196  °C  using  a  Micromeritics 


ASAP  2020.  Total  surface  area  and  pore  volume  were  determined 
using  the  Brunauer-Emmet-Teller  (BET)  equation  and  the  single 
point  method,  respectively.  Microporosity  was  determined  from  t- 
plot  method.  Pore  size  distribution  was  obtained  by  Barret-Joyner- 
Halenda  (BJH)  method  in  the  adsorption  isotherm. 

The  structural  properties  of  CNF  were  studied  by  X-ray  diffrac¬ 
tion.  XRD  patterns  were  performed  using  a  Bruker  AXS  D8  Advance 
diffractometer,  with  a  0-0  configuration  and  using  Cu  Ka  radiation. 

The  morphology  of  CNF  was  studied  by  SEM  using  a  Hitachi 
S-3400  N.  CNF  diameters  have  been  determined  from  SEM  micro¬ 
graphs  by  direct  measurement  of  more  than  50  different  fibers  in 
three  micrographs,  each  one  in  different  grains  in  the  same  sample. 

Finally,  stability  under  oxidation  conditions  was  studied  by  TPO. 
TPO  experiments  were  carried  out  under  a  flow  of  air  using  a  heat¬ 
ing  rate  of  5°Cmin-1  from  room  temperature  up  to  850  °C  on  a 
thermogravimetric  analyzer  Setaram. 

2.3.  Electrical  conductivity  measurements 

The  electrical  resistance  that  a  powdered  material  offers  to  elec¬ 
trical  current  is  a  combination  of  the  individual  resistances  of  both 
the  grains  and  the  contacts  between  them.  Consequently,  measur¬ 
ing  the  conductivity  of  a  powder  requires  pressing  on  the  bed  of 
grains  in  order  to  ensure  the  electrical  contact  [30].  The  device 
used  with  this  purpose  consists  on  a  thick-walled  PVC  tube  with 
an  inner  diameter  of  8  mm.  A  scheme  of  the  experimental  set-up 
and  the  equivalent  electrical  circuit  are  shown  in  Fig.  1(a)  and  1(b), 
respectively.  The  bottom  of  the  cylinder  is  closed  by  a  stationary 
brass  piston  and,  after  introducing  2  cm3  of  grinded  and  weighed 
sample,  the  upper  side  is  closed  by  a  stainless  steel  plunger,  allowed 
to  move  down  in  the  cylinder.  Then  two  weighed  loads  are  put  on 
the  upper  piston  and  the  pressure  reaches  values  of  0.6  MPa  and 
1.6  MPa,  which  are  high  enough  to  allow  good  electrical  contacts 
between  grains,  but  too  low  to  cause  the  crushing  of  the  particles. 

The  height  of  the  sample  is  measured  by  using  a  digital  microm¬ 
eter  Mitutoyo  with  an  accuracy  of  ±0.02  mm.  Then  the  dc  electrical 


Load  | 
Upper  piston 


Fig.  1.  (a)  Scheme  of  the  experimental  devices  for  the  measurement  of  electrical 
conductivity  of  carbonaceous  powders  and  (b)  equivalent  electrical  circuit  of  the 
device. 
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Table  1 

Carbon  nanofiber  growth  parameters. 


a  At  the  end  of  experiment  (620  min). 

resistance  of  the  pressed  powder  is  determined  by  a  two-probe 
method.  The  sample  and  a  calibrated  resistor  are  connected  acting 
as  resistors  in  series,  as  it  is  schematized  in  Fig.  1.  Known  val¬ 
ues  of  voltage  are  then  applied  by  a  power  supply  Array  3645A, 
scanning  current  values  up  to  20  mA,  and  voltage  drop  in  the  two 
resistors  are  measured  with  a  6  1  /2  digits  Array  M3500A  multime¬ 
ter.  Electrical  conductivity  is  then  calculated  from  resistance  value, 
obtained  in  turn  from  the  adjustment  of  voltage  and  current  slope, 
and  geometric  parameters. 

3.  Results 

3.1  Carbon  nanofiber  growth 

In  CNF  synthesis,  hydrogen  might  have  effect  on  both  the  carbon 
yield,  known  to  either  accelerate  or  suppress  carbon  deposition, 
and  also  on  carbon  characteristics  [27].  Table  1  summarizes  the 
mean  methane  conversion,  the  final  carbon  yield  and  the  mean  car¬ 
bon  deposition  rate  in  each  synthesis  condition,  and  Fig.  2  shows 
the  evolution  of  carbon  yield  with  time  at  the  described  experi¬ 
mental  conditions.  It  is  worth  noting  that  the  deposition  rate  is 
practically  constant  for  the  10  h  of  experiment,  indicating  no  sig¬ 
nificant  deactivation  of  the  catalyst.  It  can  also  be  observed  that, 
for  a  certain  composition  of  the  gas,  increasing  temperature  leads 
to  an  increase  in  carbon  yield,  which  can  be  attributed  to  several 
effects  like  the  increase  of  methane  conversion  with  temperature 
and  a  higher  diffusion  of  carbon  in  the  catalyst. 

In  the  experiments  performed  at  600  °C  (circles  in  the  graph),  a 
10%  of  H2  induces  an  increase  in  carbon  yield  from  9.5  gc  gcat-1  to 
12.5  gc  gcat-1  >  result  of  a  higher  methane  conversion.  This  partic¬ 
ular  behavior  observed  at  relatively  low  temperatures,  has  been 
reported  in  methane  [26]  and  ethylene  [18,27]  catalytic  decom- 


Fig.  2.  CNF  growth  expressed  in  grams  of  carbon  deposited  per  gram  of  catalyst  for 
each  tested  temperature  and  feeding  gas  composition. 


position,  in  which  at  low  concentration,  hydrogen  might  help  to 
remove  the  carbon  layer  which  encapsulates  the  catalyst  parti¬ 
cle,  enhancing  CNF  formation.  Increasing  the  H2  concentration  up 
to  20%  implies  a  reduction  in  the  yield  to  8.1  gc  gcat-1.  At  high 
H2  concentrations  the  competition  between  the  reactants  for  the 
metallic  surface  sites  causes  a  decrease  in  the  amount  of  both 
carbon  nanofibers  and  encapsulating  carbon  species.  According 
to  Villacampa  et  al.  [26],  there  is  an  optimal  concentration  of  H2 
to  achieve  the  maximum  growth  of  CNFs,  which  depends  on  the 
nature  of  the  catalyst  and  the  operating  conditions. 

At  a  temperature  of  650  °C  (squares  in  the  graph)  and  with  a  H2 
concentration  of  10%,  the  carbon  yield  is  practically  the  same  as  with 
pure  methane  for  the  first  5  h.  For  prolonged  reaction  time,  the  car¬ 
bon  yield  slightly  decreases,  maintaining  at  the  end  a  similar  mean 
value  of  methane  conversion  (36%).  Increasing  FI2  concentration  up 
to  20%  leads  again  to  a  decrease  in  carbon  yield  from  17.7  gc  gcat-1 
up  to  12.1  gc  Scat-1  >  result  again  of  a  lower  methane  conversion. 
At  700  °C  (triangles  in  the  graph),  increasing  values  of  FI2  concen¬ 
tration  imply  decreasing  values  of  carbon  yield  from  33.2  gc  gcat-1 
with  pure  methane  up  to  22.6  gc  gcat-1  with  20%  of  FI2.  Presumably, 
at  650  °C  and  700  °C  the  hydrogen  concentration  that  leads  to  a 
maximum  carbon  yield  is  lower  than  10%  under  these  reaction  con¬ 
ditions.  In  any  case,  at  a  given  temperature,  low  reaction  rates  are 
expected  to  enhance  the  graphitization  character  of  deposited  car¬ 
bon,  leading  to  a  more  ordered  structure  with  larger  crystal  domain 
sizes  [28]. 

3.2.  Textural  and  morphological  properties 

Specific  surface  areas,  pore  volumes,  average  pore  sizes  in  CNFs 
and  CNFs  average  diameters  estimated  in  SEM  micrographs  are 
summarized  in  Table  2.  All  the  samples  present  a  high  mesoporos- 
ity,  higher  than  90%  in  terms  of  surface  area  and  higher  than  98% 
in  terms  of  pore  volume,  which  can  be  observed  by  the  compar¬ 
ison  of  the  columns  referring  mesoporous  area  and  volume  with 
those  referring  total  area  and  volume.  A  high  mesoporosity  is  desir¬ 
able  for  their  application  as  electrocatalyst  support  since  platinum 
deposition  and  gas  diffusion  are  enhanced  [13].  The  highest  values 
of  surface  area  (155.8  m2  g-1 )  and  pore  volume  (0.732  cm3  g-1 ),  are 
achieved  at  the  lowest  tested  temperature,  600  °C.  An  increase  in 
both  the  hydrogen  content  and/or  temperature  implies  a  decrease 
in  both  the  surface  area  and  pore  volume,  although  the  effect  of 
temperature  is  more  important.  The  effect  of  hydrogen  on  these 
textural  properties  is  less  influential  as  the  temperature  increases. 

The  morphology  of  these  CNFs  has  been  observed  by  SEM.  Fig.  3 
shows  only  two  micrographs  of  the  CNFs  at  different  magnifica¬ 
tions  as  an  example,  because  the  appearance  of  the  CNFs  in  the 
rest  images  was  quite  similar.  CNFs  are  present  like  highly  entan¬ 
gled  nanofibers  a  few  micrometers  long.  The  surface  area  in  carbon 
nanofilaments  is  directly  related  with  their  diameter  [31,32  ].  In  gen¬ 
eral  terms,  increasing  CNF  diameter  implies  a  decrease  in  both  sur¬ 
face  area  and  pore  volume.  CNFs  diameters  have  been  estimated  by 
counting  more  than  50  nanofibers  in  different  micrographs  for  each 
of  the  samples,  and  the  average  value  together  with  the  standard 
deviation  are  also  shown  in  Table  2.  Increasing  reaction  tempera¬ 
ture  implies  increasing  diameters,  which  explains  the  lower  values 
in  textural  properties.  The  effect  of  hydrogen  is  not  that  clear.  Firstly, 
at  600  °C  and  650  °C  there  is  apparently  a  maximum  value  of  CNF 
diameter  when  FI2  concentration  is  close  to  10%,  but  at  700  °C  the 
diameter  decreases  gradually  when  increasing  FI2  content. 

3.3.  Structural  properties  and  oxidation  reactivity 

Carbon  nanofibers  graphite-like  structure  consists  of  graphitic 
planes  arranged  typically  as  coaxial  cones,  with  a  certain  angle 
between  graphitic  layers  and  filament  axis  [16].  The  average 
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Table  2 

Textural  properties  of  CNFs  calculated  from  N2  physisorption  isotherms  and  estimated  CNF  mean  diameter  from  SEM  micrographs. 


Sample 

Sbet  (m2  g”1) 

Smeso  (  m2  g  1  ) 

Pore  volume  (cm3  g_1 ) 

Mesopore  volume  (cm3  g-1 ) 

Mean  pore  size  (nm) 

CNF  average  diameter  ±  standard 
deviation  (nm) 

600-H0 

155.8 

140.1 

0.732 

0.723 

6.6 

53.5  ±  13.9 

600-H10 

129.7 

117.0 

0.576 

0.569 

6.3 

60.0  ±  15.6 

600-H20 

134.9 

122.3 

0.616 

0.610 

6.3 

56.9  ±  17.6 

650-H0 

123.0 

112.5 

0.507 

0.502 

6.3 

63.5  ±  15.9 

650-H10 

121.3 

108.5 

0.437 

0.430 

6.0 

72.2  ±  25.0 

650-H20 

126.3 

112.8 

0.473 

0.465 

6.0 

61.6  ±  21.1 

700-H0 

107.7 

99.6 

0.350 

0.346 

6.5 

80.9  ±  23.0 

700-H10 

102.2 

94.2 

0.341 

0.338 

6.5 

73.5  ±  18.1 

700-H20 

93.1 

86.1 

0.322 

0.318 

6.6 

69.6  ±  16.3 

thickness  of  the  stacks  of  parallel  graphitic  layers  existing  within 
the  CNFs,  designated  Lc,  can  be  calculated  from  the  peak  (0  0  2) 
in  the  XRD  analysis  obtained  from  a  given  sample.  The  average 
distance  between  these  graphitic  layers,  designated  doo2,  can  also 
be  calculated.  The  results  have  been  represented  in  Fig.  4  for  all 
the  samples.  Low  values  of  d002»  close  to  that  of  perfect  graphite 
(3.354  A),  and  high  values  of  Lc  are  desirable  in  terms  of  structural 
properties.  Increasing  both  temperature  and  hydrogen  content 
leads  to  an  improvement  of  structural  properties  since  higher 
values  of  Lc  are  achieved.  However,  the  interlayer  distance  remains 
approximately  constant  within  3.38-3.39  A. 

TPO  is  also  a  convenient  technique  to  evaluate  the  extent  of 
carbon  structural  order.  The  temperature  at  which  the  gasification 
reaction  rate  is  maximum,  named  here  as  oxidation  temperature, 


Fig.  3.  SEM  micrographs  of  carbon  nanofibers  at  different  magnifications,  (a)  650- 
H10  and  (b)  700-H10. 
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Fig.  4.  Dependence  of  the  carbon  structural  properties  with  hydrogen  concentration 
and  temperature,  showing  the  graphite  interlayer  distance  (d0 02)  and  the  crystal 
domain  size  in  c-axis  (Lc). 


offers  an  idea  of  the  resistance  of  the  material  towards  an  oxidant 
medium.  Oxidation  profiles  of  CNFs  in  TPO  experiments  are  repre¬ 
sented  in  Fig.  5  and  the  calculated  oxidation  temperatures,  together 
with  structural  parameters,  are  presented  in  Table  3.  The  oxidation 
temperatures  of  CNFs  are  lower  than  that  of  graphite  since  they 
have  higher  surface  area  and  more  defects,  which  make  them  more 
reactive  to  oxidation. 


Table  3 

Structural  properties  from  XRD  patterns  and  oxidation  temperature  from  TPO  pro¬ 
files  of  CNFs. 


Sample 

d002  (nm) 

Lc  (nm) 

Oxidation  temperature  (°C) 

600-H0 

0.3394 

7.0 

504.4 

600-H10 

0.3390 

8.1 

522.1 

600-H20 

0.3391 

in 

503.5 

650-H0 

0.3385 

8.4 

513.2 

650-H10 

0.3386 

8.7 

537.2 

650-H20 

0.3383 

9.2 

534.0 

700-H0 

0.3384 

9.7 

550.9 

700-H10 

0.3384 

10.1 

541.7 

700-H20 

0.3376 

10.5 

547.5 
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Fig.  5.  Oxidation  profiles  of  CNFs  produced  at  different  temperatures  and  hydrogen 
concentrations  from  TPO  experiments. 


The  obtained  results  show  that  CNFs  are  oxidized  in  the  tem¬ 
perature  range  of  500-625  °C.  With  pure  methane  in  the  feeding 
gas  and  synthesis  temperatures  of  600  °C,  650  °C  and  700  °C,  the 
oxidation  temperatures  are  503  °C,  513  °C  and  550  °C,  respectively 
(Table  3),  corresponding  with  the  gradual  increase  of  crystal  size 
observed  in  XRD  patterns,  7.0  nm,  8.4  nm  and  9.7  nm,  respectively. 
When  introducing  hydrogen,  CNFs  obtained  at  reaction  temper¬ 
atures  of  600  °C  and  650  °C  are  oxidized  at  about  20  °C  higher 
temperatures  (except  600-FI20),  in  contrast  with  CNFs  obtained  at 
700  °C,  in  which  the  presence  of  hydrogen  does  not  increase  the 
oxidation  temperature  at  the  initial  stage  of  the  oxidation  process. 
Nevertheless,  at  the  final  stage  of  the  oxidation  reaction,  the  tem¬ 
perature  needed  for  the  complete  gasification  of  carbon  is  higher 
in  the  samples  obtained  with  hydrogen  (700-FI10  and  700-H20) 
in  comparison  with  that  obtained  with  pure  methane  (700-FI0).  A 
plausible  explanation  is  a  lower  content  of  amorphous  carbon  in 
the  samples  obtained  with  hydrogen  in  the  reaction  environment, 
since  its  reactivity  towards  gasification  is  higher  than  that  of  CNFs. 

3.4.  Electrical  conductivity 

Fig.  6  shows  the  electrical  conductivity  of  the  carbon  nanofibers 
depending  on  the  applied  pressure  on  the  powder  for  0.6  MPa  and 
1.6  MPa.  It  has  been  reported  in  literature  that  increasing  pres- 


Sample 

Fig.  6.  Apparent  electrical  conductivity  of  the  CNFs  for  two  values  of  pressure: 
0.6  MPa  and  1.6  MPa. 


sure  implies  an  increase  in  the  number  of  contacts  between  the 
grains  and  consequently  electrical  resistance  diminishes  [30,33]. 
What  can  be  observed  in  the  figure  is  that,  for  both  values  of  pres¬ 
sure,  the  electrical  conductivity  of  the  powder  increases  when  the 
reaction  temperature  increases  for  the  three  gaseous  compositions. 
Analyzing  the  effect  of  hydrogen,  the  maximum  conductivity  is 
achieved  when  a  10%  of  H2  is  used  in  the  CNF  growth  at  any  reac¬ 
tion  temperature.  This  particular  behavior  suggests  that  electrical 
conductivity  is  not  only  related  with  structural  properties  because, 
according  to  XRD  analyses,  the  conductivity  of  samples  obtained 
with  20%  of  H2  should  be  higher  than  those  obtained  with  10%  FI2. 
Consequently,  another  characteristic  of  CNFs  has  to  be  also  con¬ 
sidered  when  explaining  the  variation  of  electrical  conductivity.  In 
our  opinion,  electrical  conductivity  is  a  complex  combination  of 
the  conductivity  of  individual  nanofilaments,  the  contacts  between 
them  and  the  contacts  between  the  macroparticles  that  form  the 
carbonaceous  grains. 

Presumably  hydrogen  has  several  effects  on  CNFs,  as  it  has  been 
observed  in  the  previous  sections.  Firstly,  a  higher  ordering  degree  is 
obtained,  since  an  increase  in  the  crystal  domain  size  was  observed. 
Secondly,  a  lower  extent  of  amorphous  carbon  is  present  in  the  car¬ 
bonaceous  powder  when  a  low  partial  pressure  of  hydrogen  is  used. 
However,  when  increasing  hydrogen  concentration  and  tempera¬ 
ture,  lower  carbon  content  is  obtained  as  a  result  of  the  gasification 
of  both  amorphous  and  graphitic  carbon.  Consequently,  the  lower 
values  of  conductivity  obtained  at  20%  of  H2  compared  with  those 
obtained  with  10%  of  H2  could  be  related  with  a  decrease  in  the 
number  of  contacts  between  the  nanofilaments,  result  of  the  partial 
gasification  of  CNFs. 

4.  Conclusions 

In  this  study  carbon  nanofibers  have  been  synthesized  in  a  fix- 
bed  reactor  under  different  CH4/H2  compositions  and  at  different 
temperatures.  The  powdered  material  has  been  characterized  by 
different  techniques  that  allow  us  to  determine  some  important 
characteristics  which  are  known  to  influence  the  fuel  cell  perfor¬ 
mance  when  used  as  electrocatalyst  support. 

The  presence  of  a  low  partial  pressure  of  hydrogen  in  the  reaction 
gas  has  been  shown  to  improve  carbon  structural  ordering  by  an 
increase  in  the  crystal  size  of  about  10%  with  respect  to  the  CNFs 
produced  with  pure  methane.  The  XRD  studies  reveal  that  ordered 
carbon  crystal  sizes  of  10  nm  with  an  interlayer  distance  of  3.38  A, 
near  to  graphite,  can  be  obtained.  This  results  in  a  high  electrical 
conductivity,  obtaining  a  maximum  value  when  using  a  hydrogen 
concentration  of  10%  and  high  values  of  temperature.  On  the  other 
hand,  the  presence  of  hydrogen  provokes  a  decrease  in  surface  area 
and  pore  volume,  which  are  also  important  when  considering  as 
catalyst  support,  always  obtaining  a  high  mesoporosity. 

Mono  and  bi-metallic  electrocatalysts  based  on  platinum  are 
being  synthesized  using  CNFs  to  determine  the  optimum  formu¬ 
lation  of  the  support.  The  subsequent  studies  will  indicate  which 
properties  are  the  best  in  terms  of  high  electrocatalytic  activity, 
durability  and  fuel  performance. 
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